We explored top-down modulation of spatial frequency (SF) processing. When auditory pre-cueing directed observers' attention to one of two 4-octaves (SF) apart plaid components observers tended to perceive the cued component, suggesting selective attention to the SF channel they expected to carry task relevant information. In agreement, pre-cueing had no effect with components often processed by the same channel (0.5-octaves apart). Further, effects of expectancy were greater than of uncertainty and were SF tuned. Combined our findings suggest top-down modulation of early, cortical, SF processing. We argue this could similarly explain the previously reported influences of categorisation on SF processing.
Introduction
Recent research suggests that the spatial scale to which observers attend, varies with categorisation task. For instance, Schyns and Oliva (1999) showed that when categorising the gender of a briefly presented hybrid face (e.g. a low pass spatial frequency (LSF) filtered image of an angry male superimposed with a high pass spatial frequency (HSF) filtered neutral female) people report the LSF (e.g. male) face, but report the HSF (e.g. neutral) face when categorising expressiveness. It has been argued that these different perceptions arise because as a result of experience observers learn which scales carry diagnostic information for a given categorisation task. This explanation might imply that observers are able to attentionally modulate spatial frequency (SF) channels. In the present paper we test this conjecture and explore the possible locus within the visual processing stream of top-down attentional modulation of SF processing. Note that here we are concerned with examining topdown attentional modulation of SF processing per se rather than with distinguishing the precise attention mechanism(s) involved. Quantitative methods to achieve the latter have been developed elsewhere (e.g. Lu & Dosher, 1998) . For instance, in the present context, the particular categorisation task in hand may cue the observer to selectively monitor particular SF processing channels (effectively distractor exclusion in Lu and Dosher's model), or to enhance the processing of those SF channels expected to carry diagnostic information, or to reduce internal noise in those channels. In addition, attention may affect interactions between channels (e.g. Lee et al., 1999) . For the present purposes all such mechanisms are examples of attentional modulation of SF processing.
Previous work on uncertainty effects supports the possibility of attentional modulation of SF channels. However, there has been some recent debate about whether top-down modulation of SF processing occurs at all. Here, we use symbolic cueing, as an analogy to the effect of categorisation task (i.e. both could function to drive top-down selection of information from task relevant SF bands), to further explore this issue. In the following sections we briefly review work on attentional modulation of SF channels before going on to relate this to work on flexible spatial scale processing. We then outline a series of experiments designed to explore the possibility of top-down control of SF processing in a manner analogous to the effect of categorisation task on spatial scale processing.
Attentional effects on spatial frequency processing
Observers presented with a block of grating detection trials where the SF is constant perform better than when it varies unpredictably from trial to trial: an uncertainty effect (Davis & Graham, 1981; Davis, Kramer, & Graham, 1983; H€ u ubner, 1996a , 1996b . Further, when observers are cued for the SF of a grating prior to stimulus presentation in an intermixed block, their performance can be as good as that in a single SF block (Davis et al., 1983; H€ u ubner, 1996a) . Consequently, it has been suggested that we have an ability to selectively attend to SF processing channels. Under conditions of uncertainty observers choose to monitor multiple SF bands but under conditions of certainty, or when cues are provided, observers monitor a more restricted band of SF's possibly limited to those processed within the bandwidth of a single SF channel.
Other research also demonstrates flexible SF processing, but due to bottom-up influence upon channel selection. For instance, using a critical-band noisemasking paradigm, Solomon and Pelli (1994) found evidence that a single SF channel processes letters regardless of the spatial scale of the noise. Further, recent work by Majaj, Pelli, Kurshan, and Palomares (2002) demonstrated that the ''sole determinant'' of which scale observers attend to was stimulus size: a bottom-up process (i.e. they found that the SF channel used by the observer scaled to stimulus size). Consequently, they argue that ''observers are not free to choose which channels they use''. Thus, their findings seem to suggest that although observers can attend to different spatial scales, this effect of attention is not top-down but driven by the physical properties of the stimulus.
However, the generality of the conclusions drawn by Majaj et al. (2002) is not clear. First, in their experiments observers were not explicitly directed to attend to a given SF band. Thus, it may be pre-mature to conclude that top-down effects are not possible (cf. the effects of symbolic cueing on uncertainty effects, H€ u ubner, 1996b) . Perhaps for instance, training observers to assess the SF band of the noise and accordingly switch their attention to a band of SF's undisturbed by this noise might show that observers have this capability, but that it is Ôdormant' under the conditions of the Majaj et al. study . In the present experiments we address this issue by ensuring that observers' attention to SF is explicitly directed and thus, that any channelling of attention is clearly top-down.
Second, their finding that observers use a single channel is mostly based on work with letter stimuli. However, perhaps letters are Ôover-learned' stimuli, which observers are highly practised at identifying at high contrast levels with little external noise, where the use of a single channel may be sufficient. This parsimonious processing strategy may be automatically invoked as a result of prior experience. To Ôunlearn' this prior experience, in order that an observer is able to switch attention to channels unoccupied by external noise, is likely to require more than the allotted sessions of a laboratory experiment. The use of complex and unfamiliar non-letter stimuli in critical-band noise-masking paradigms might therefore provide us with a picture more complicated than a single SF channel being used by observers to identify visual patterns. In fact, as an example, there is evidence suggesting that the spatial scale processing of letters and familiar non-letter stimuli (faces or simple shapes) uses different channels (Braje, Tjan, & Legge, 1995; Gold, Bennett, & Sekuler, 1999) . Of course these other channels may also have been selected as a result of extensive prior experience with the different types of stimuli and thus have become automatically invoked. This may form one basis for task based channel switching of the type observed by Schyns and Oliva (1999) .
Flexible spatial scale processing
Consistent with attentional modulation of SF processing, recent work on spatial scale processing of real world scenes suggests that observers can selectively attend to a spatial scale that is diagnostic for a particular task. For instance, Oliva and Schyns (1997) presented one group of observers with low-pass filtered scenes and another group with high-passed scenes combined with structured noise. After a while, they introduced hybrid scenes (both LSF and HSF scene present) and found that the two groups of observers tended to report orthogonal perceptions of the same hybrid stimuli. Those who were sensitised with low-passed images tended to report seeing only the LSF components of hybrids, while those sensitised with high-passed images perceived the HSF components of hybrids.
Recent work by € O Ozgen, Schyns (2001, 2002) suggests the possibility that these effects are based on attentional modulation of early visual processing. They sensitised observers to LSF scene images in one part of the visual field and HSF images in another part. When presented with hybrid images observers tended to report perceiving the component scene whose SF composition matched the scale sensitised in the region of the visual field at which the hybrid was presented. This may imply the effect has its locus at an early, retinotopically mapped and SF selective, stage of processing. In an analogous vein, Kurylo, Reeves, and Scharf (1996) found location and orientation specific enhancement of the detection of line segments and suggest this is localised to cells that code for both these stimulus properties, such as those found at early stages of visual processing. In agreement with the possibility of attentional modulation of early, retinotopically mapped processing stages, recent research indicates that attention can modulate early visual processing of a variety of tasks (cf. Desimone & Duncan, 1995; Posner & Gilbert, 1999; Sengpiel & H€ u ubener, 1999 ).
Expectancy effects on spatial frequency processing
In the present paper, our main aim was to explore in more detail the effects of observers' expectations, revealed by the hybrid experiments, on SF processing using simple grating stimuli. In particular, we wished to explore whether expectations could influence SF processing top-down. We used cueing to influence observers' expectations about the SF of forthcoming stimuli. H€ u ubner (1996a) distinguishes between iconic cues, which are usually identical to the stimulus, and symbolic cues, which bear no resemblance to the stimulus itself and can be cross-modal. He demonstrates that whilst iconic cues drive bottom-up attentional mechanisms (exogenous orienting; cf. Posner, 1980) symbolic cues drive topdown attentional mechanisms (endogenous orienting; cf. Posner, 1980) . It has been shown that symbolic cues can reduce (H€ u ubner, 1996a) or even eliminate (Davis et al., 1983 ) SF uncertainty. Consequently, in the present experiments we will use distinct sound cues to signal the SF of gratings. The cross-modality of the cues is important; the cues and the stimuli are unrelated and this should ensure that any effects of attention on SF processing operate top-down in accordance with our main aim.
We next report a series of three experiments to explore top-down influences on SF processing. Experiment 1 uses plaid stimuli to draw an analogy to the perception of hybrid face and scene stimuli and explores the effect of an observer's expectations, induced by cueing, on their perception of the plaids. Experiment 2 compares the effect of expectancy with the effect of uncertainty to explore whether they are separate effects. Experiment 3 explores the SF tuning of expectancy effects to provide some constraints on the locus within the visual processing stream of the attentional effects.
Experiment 1
In Experiment 1, our aim is to draw a direct analogy between the perception of hybrid scenes and faces and the detection of sinusoidal gratings. The main task was reporting the orientation (Ôleft tilt', Ôright tilt') of HSF or LSF gratings. The SF of the gratings varied unpredictably from trial to trial but we created expectations by cueing observers for the SF of the grating prior to every trial. After an initial Ôsensitisation' stage on some trials we introduced plaids, our analogy for hybrids, where the high and low frequency gratings were simultaneously present at opposite orientations. We continued cueing observers to attend to one or the other scale, and explored attentional effects on their perception of the plaids.
In a 4-octave condition, the HSF and LSF gratings were separated by 4 octaves in SF. This separation is large enough to ensure that the components are processed by separate cortical SF channels (De Valois & De Valois, 1988) . In a 0.5-octave condition, the HSF and LSF gratings were separated by just 0.5 octaves in SF. Pilot work confirmed that above threshold contrast these latter gratings appeared sufficiently distinct for the observer to form separate representations and to try and attend specifically to the cued frequency. However, given the relatively small SF separation we would expect the gratings to be processed by the same (or overlapping) SF channels.
If cueing encourages observers to attend the SF channel that they expect to carry the task relevant information then we should predict that when the plaid components are processed by separate channels (4-octave condition) then, just as with hybrids, observers will report the orientation of the cued grating without detecting the other simultaneously present grating. However, when the components are often processed by the same SF channel (0.5-octave condition), then observers should show no tendency to report the orientation of the cued grating.
In a variant of the 4-octave condition, using the same SF separation, we used post-cueing to explore the possibility that any effect of cueing shown in the main part of the 4-octave condition was merely a post-stimulus presentation, reporting bias. If observers' strategy is to attend the information presented to all relevant channels and then use the cue to select which channel's output to report, then pre-cues and post-cues should be equivalent and lead to the same effects. However, if observers use the pre-cues to selectively attend to the channel that they expect to carry relevant information on that particular trial, then the use of post-cues should prevent them from doing this. Consequently, the task effectively becomes an uncertainty task and any tendency to report the cued grating orientation should reduce relative to the pre-cue condition.
To check whether observers were ever aware of both gratings we explicitly asked them whether they were aware of the plaids during the experiment. Previous work has distinguished between component and compound perceptions of plaid stimuli (Georgeson & Meese, 1997) . When the plaid components have similar spatial frequencies and moderate to high luminance contrasts a compound perception is typically reported where orthogonal oblique components will be combined such that the observer perceives a chequerboard with individual checks that have horizontal and vertical and edges. However, when the plaid components have quite different SF's or are of low luminance contrast then the observer typically perceives two individual orthogonal, oblique components as transparently superimposed. In the present experiment we used stimuli with low contrast and, in the case of the 4-octave condition, with widely separated SF's. Thus, we would expect that should observers detect a plaid stimulus then they will report a component not a compound perception. However, in the 4-octave condition we expect the pre-cueing to eliminate the perception of plaid stimuli and to bias perception to the cued component. In the 0.5-octave condition, we would expect that, given the low contrasts of the individual components, observers will rarely perceive both on the same trial (and therefore report a plaid), but will not show a bias to perception of the cued component.
Method

Observers
Thirty experienced observers took part, eight in each of the 4-octave and 0.5-octave conditions, and 14 in the post-cueing variant of the 4-octave condition. All observers had normal or corrected to normal vision. All were na€ ı ıve as to the purpose of the experiment.
Stimuli and apparatus
Stimuli were displayed on an EIZO FlexScan F980 CRT monitor driven by a Cambridge Research Systems 2/5 Visual Stimulus Generator. The space-averaged mean luminance of the display was 30 cd/m 2 . In the 4-octave condition (including post-cueing), stimuli were sinusoidal gratings at 0.5 (LSF) and 8 (HSF) cycles per degree (c/deg), whilst in the 0.5-octave condition they were gratings at 1.68 (LSF) and 2.38 (HSF) c/deg. In all conditions the gratings were tilted either 30°clockwise or anticlockwise from vertical. On a proportion of trials during the test phase of the experiment, two gratings, one at each frequency for a given condition, were combined with opposite orientations to create plaid stimuli (e.g. LSF at +30°, HSF at )30°; or LSF at )30°, HSF at +30°relative to vertical). The phase of the gratings was set randomly on every trial.
Contrast of all stimuli was set to observers' individual thresholds as described below. All gratings and plaids were displayed across the whole of the screen area, subtending 13.9°· 10.3°visual angle, at a viewing distance of 165 cm. Viewing distance was maintained through the use of a chin and forehead rest. Observers were instructed to fixate a dot displayed in the centre of the screen throughout each trial.
Procedure
The simple task that was common across all phases of the experiment was reporting Ôthe direction of tilt' for each grating displayed. Each grating could be tilted by 30°clockwise or anticlockwise relative to vertical, which were labelled, in agreement with each observer, as Ôleft'
and Ôright' respectively. Observers pressed a key to initiate each trial and made keypress responses.
At the beginning of an experimental session, observers' detection thresholds for both SF's in a condition were estimated in single frequency blocks (order of testing counterbalanced across observers) using the ZEST method (King-Smith, Grigsby, Vingrys, Benes, & Supowit, 1994), which converged on an estimate of threshold at 82% correct. Three randomly interleaved independent ZEST runs, lasting 32 trials each, were obtained for each frequency and the average of the three was used to provide our estimate of threshold. Each trial comprised a 500 ms pause followed by the 120 ms stimulus presentation, signalled by a co-occurring beep.
In the next phase, observers were instructed that the two SFs would be intermixed in the remaining two blocks, and that they would be given a sound cue indicating which frequency to Ôlook for' on each trial. They were told that their performance would be enhanced if they attended to the cues. However, they were also warned that on a minority of trials the cue Ômay be inaccurate', and that they should be alert for such trials.
Observers were instructed that they should report the tilt direction of the grating that they actually perceived regardless of the cue. The cue was a digital sample of either a note plucked on a double bass (signalling LSF) or a single beat on a snare drum (signalling HSF). These cues were selected because they were highly distinctive and helped ensure the observer's attention. Observers completed two blocks of trials of this type. Unknown to the observer, the difference between the first sensitisation block and the second test block was that during sensitisation, the cues were accurate 100% of the time, while during test, plaids were interleaved with single frequency gratings 25% of the time. On these plaid trials, the cue signalled LSF half the time, and HSF the rest of the time. The observer could perceive and report the direction of tilt of the cued grating alone (with-prediction), the uncued grating alone (against prediction), or both (against prediction). The sensitisation block consisted of 100 trials: 50 LSF and 50 HSF. The test block consisted of 96 trials: 48 LSF-cued, 48 HSF-cued. On 12 of the 48 trials for each cue type, a plaid was shown. Prior to starting observers were shown three example sound cuegrating pairings for each SF. Observers received auditory feedback after each trial to assist sensitisation during the first block. Each trial comprised a 500 ms pause followed by the sound cue (bass or snare drum) lasting 380 ms. Next, there was a further 1120 ms pause (to allow time for endogenous orienting; cf. H€ u ubner, 1996a) before the stimulus was displayed for 120 ms. Feedback (where provided) followed the observer's response immediately. The procedure for the post-cueing variant of the 4-octave condition was identical in all respects to that described above except that, instead of the pre-cue and subsequent 1120 ms pause, the sound cue was presented 1120 ms after stimulus offset (i.e. mirroring the pre-cueing condition).
At the end of the experiment observers were shown an example plaid stimulus and asked if they had been aware of the presentation of such stimuli during the experiment.
Results
It is important to establish whether observers used the cues successfully. During sensitisation, there were no invalid cues and so observers' performance should be equivalent to the 82% accuracy ZEST convergence value if they were attending to the cues perfectly. In the 4-octave condition, during sensitisation, observers reported the direction of tilt of the LSF and HSF gratings when cued 78.25% (SE M ¼ 3:58) and 75.5% (SE M ¼ 2:06) of the time respectively. In the 0.5-octave condition, these scores were 83.5% (SE M ¼ 5:46) and 83.75% (SE M ¼ 5:09) respectively. For both conditions, as assessed using t-tests, LSF and HSF values did not significantly differ from each other or from 82% with the exception that in the 4-octave condition performance on HSF stimuli was significantly worse than 82% (t 7 ¼ 3:153, p < 0:05). This suggests there may have been a small effect of uncertainty remaining for these stimuli despite cueing during initial sensitisation. However, as seen next, this uncertainty was completely eliminated by cueing on similar trials during the subsequent test block.
The data from the test block can be divided into those trials on which a plaid was presented and those on which a single frequency grating was presented. These data are presented in Fig. 1a and b for the 4-octave and 0.5-octave conditions respectively. It can be seen that, in both conditions, on single frequency trials observers correctly reported the direction of tilt around 80% of the time, which was not significantly different for either condition or SF from the 82% ZEST convergence value (t-test, p > 0:05). This again suggests that observers successfully used the cues to completely overcome any effects of uncertainty.
The plaid trials in the test block were those that are crucial to the main aims of the present study. There were 24 plaid stimuli in total in each condition, 12 where the observer was cued to expect an LSF grating and 12 an HSF grating. In both conditions all of our observers said that they thought the cue was inaccurate on some trials. However, in the 4-octave condition, none reported being simultaneously aware of both frequency components and thereby indicating perception of a plaid, whilst in the 0.5-octave condition, one observer reported perceiving plaids on some trials. Fig. 1 shows the percentage of correct reports of the direction of tilt of each plaid component following LSF vs. HSF cues for each condition.
In the 4-octave condition, observers correctly reported the direction of tilt of the cued plaid component 68.75% (SE M ¼ 4:02) of the time; significantly more often than predicted by chance or random performance 50% (t 7 ¼ 4:67, p < 0:01). However, the plaid performance was significantly lower than the ZEST convergence value of 82% (t 7 ¼ 2:85, p < 0:05). This suggests that attention to the cued frequency channel was imperfect resulting in the perception of the uncued frequency on some plaid trials. As noted above all observers reported noticing the existence of some trials where the cue was invalid.
In the 0.5-octave condition, observers reported the direction of tilt of the component signalled by the conditions. Note that, as described in Section 2.1, on single frequency grating trials there was only a grating presented at the cued SF. However, if the observer incorrectly reported the direction of tilt of this cued and presented grating then, for comparison with plaid trials, it is shown here as though they had correctly reported the orientation of a grating at the uncued and unpresented SF. i.e. on LSF grating trials, if the observer reported the direction of tilt opposite to that of the cued LSF grating then it is shown here as ÔHSF tilt reported', although of course there was no HSF grating presented on that trial. Error bars show AE1SE M . auditory cue 50.52% (SE M ¼ 3:09) of the time, which is not significantly different from random performance 50% (p ¼ 0:87). Unsurprisingly, all of the observers reported that sometimes they thought the cue was inaccurate and one observer reported detecting plaid stimuli on some trials.
Post-cueing
Again, the data from the test block can be divided into those trials on which a plaid was presented and those on which a single frequency grating was presented. Performance on the single frequency grating trials was significantly worse with post-cueing than with pre-cueing (t 19:54 ¼ 2:10, p < 0:05; mean post-cueing ¼ 71.23% (SE M ¼ 3:50), mean pre-cueing ¼ 79.86% (SE M ¼ 2:16)) consistent with an effect of uncertainty under postcueing conditions.
On the plaid trials, with post-cueing, observers correctly reported the direction of tilt of the plaid component corresponding to the cued grating 53.57% (SE M ¼ 2:65) of the time on average. This is significantly worse than the value of 68.75% reported for the equivalent pre-cueing condition (t 20 ¼ 3:28, p < 0:005). Further, the post-cueing performance is not significantly different from random performance 50% (p ¼ 0:20). In other words, in contrast to pre-cueing, observers were, on average, equally likely to report the direction of tilt of either plaid component regardless of the auditory post-cue.
Discussion
Our findings can be seen as a direct analogy to the flexible use of spatial scale in scene and face perception (Oliva & Schyns, 1997; Schyns & Oliva, 1999) . In the latter, task cues the observer to expect information to be presented within a particular SF bandwidth resulting in the perception of stimuli presented in that bandwidth, but not in other bandwidths. In the present experiment, an auditory cue led observers to report the orientation of the cued component of a plaid most of the time whilst seemingly unaware of the other, uncued, component, when the component gratings were sufficiently separated in SF (i.e. 4-octave condition). However, when the component SF's of our plaid were close enough to be processed by a single SF channel, top-down attention did not determine the perceived component (0.5-octave condition). We argue that this is because cueing encourages observers to attend to the cued SF channel, which they expect to carry task relevant information, relative to uncued channels, but that when the two components of our plaid activate the same channel, then cueing acts to direct attention to this same channel, resulting in the equally likely perception of each component. In fact, simultaneous perception of both components under such conditions, as was reported by one observer in the 0.5-octave condition, is not surprising. In the present experiment, we had just two degrees of component SF separation: 4 octaves and 0.5 octaves. However, in order to characterise better the locus of attentional modulation of SF processing it is necessary to more fully explore the SF tuning of the top-down cueing effects reported here. We address this in Experiment 3.
An alternative possible explanation of our data is that the uncued plaid component served to mask the cued plaid component. Further, it is reasonable to propose that the efficacy of any such mask would vary as a function of SF similarity to the cued component. Thus, the very similar mask (uncued plaid component) in the 0.5-octave condition could account for the reduction of tilt discrimination to chance. The less similar mask in the 4-octave condition could explain the smaller 11% (approx.) reduction in discrimination of the cued component's tilt compared to that for a single SF grating with the same SF. The data from Experiment 1 do not allow us to rule out this explanation of the hinted at tuning effects. However, as will be seen later, the data from Experiment 3 do since we find SF tuning of expectancy effects in the absence of masking stimuli.
It is also important to consider that the effect of cueing seen in the 4-octave condition might have been because observers attended to both relevant channels during stimulus presentation, but used the cues to help them decide which channel output to report. Our post-cueing variant of the 4-octave condition argues against this explanation. If the selective perception of the plaids is merely a reporting bias of the type described, then the post-cues should provide an equally effective indication of which channel output to report. However, we found that with post-cueing, performance was significantly worse on single frequency grating trials and that there was no tendency to report the orientation of the cued component on plaid trials. These findings are most consistent with the explanation that, in the absence of pre-cues, observers are effectively forced to conduct the task under conditions of uncertainty resulting in the observed performance decrement and absence of tendency to report the cued component orientation.
1 Experiment 2 more formally compares effects of uncertainty with the expectancy effects observed here. At this point it is also worth emphasising that both Experiments 2 and 3 will require observers to make 2-alternative forced-choice (2AFC) detection responses. Such judgments should be less vulnerable to the possibility that the observer detects but does not report unexpected stimuli, than the tilt discrimination responses used here.
As described above, in the 4-octave condition, discrimination of the direction of tilt of the cued plaid component was around 11% worse than that for a single frequency grating with the same SF as the cued plaid component. This finding is to be expected if cueing encourages observers to devote more attention to the cued SF channel. On most trials the largest response will be from the channel processing the cued signal. However, on some trials the effect of internal noise could result in a larger response in an uncued channel(s). In the case of plaid stimuli, when the largest response is from the channel processing the uncued plaid component then observers would be more likely to report the orientation of this component (an against prediction response), which has an opposite orientation to the cued component. In the case of a single frequency grating there will be no stimulus to detect at any uncued frequencies and so observers will be equally likely to give either a with or an against prediction response. Thus, performance will be better on the single frequency stimulus trials than on the plaid stimulus trials.
Experiment 2
Previous work favours models of SF uncertainty effects that explain them as arising because in intermixed blocks the observer has to attend multiple SF channels. As the number of channels attended increases, the likelihood that noise-alone in one of the channels will produce a large enough response to be picked by the observer also increases, leading to performance decrements. However, cueing may enable an observer to attend the SF channel expected to process a forthcoming stimulus, thereby improving performance in intermixed blocks (Davis et al., 1983; H€ u ubner, 1996a , 1996b . A prediction that follows from this work is that if the action of cueing is to focus attention on a single SF channel then stimuli processed by unattended channels may go undetected (cf. Posner (1980) and Bashinski & Bacharach (1980) for analogous effects with spatial attention): an expectancy effect. However, previous work has not directly tested this prediction for symbolic cueing acting top-down. Experiment 2 explores this issue by comparing observers' performance under certainty, uncertainty, valid cueing and invalid cueing conditions. We predict that the best performance will be under certainty and valid cueing conditions, the two being equivalent. Uncertainty conditions should be expected to produce performance worse than that under certainty. Crucially, we predict that invalid cueing will lead to costs in comparison with uncertainty, as observers switch away from attending multiple SF channels under uncertainty towards attending a single, inappropriate, channel following an invalid cue.
Method
Observers
There were three observers. All three were experienced psychophysical observers and had normal vision. Observers PTS and EO were two of the authors. However, at the time of testing both EO and AW were na€ ı ıve as to the overall purpose of the experiment.
Design
On the first session threshold estimates were obtained. Thereafter observers completed either 10 (PTS and AW) or 20 (EO) test sessions. On each test session observers completed three sets of trials corresponding to Ôcertainty', Ôuncertainty' and Ôcueing' conditions, completed in that order every day. The advantage of using this same order every day was to emphasise the usefulness of the cues and thereby to maximise their use each session (see below). The possible disadvantage was that fatigue effects could have reduced detection performance on the later conditions each day, causing it to appear (artefactually) low. However, as will be reported, the results do not support this possibility.
Apparatus and stimuli
Stimuli were generated by an Innisfree Picasso waveform generator controlled by external inputs from a National Instruments PCI-MIO-16XE-10 I/O board with 16 bit analogue output resolution, and were displayed on a Tektronix 608 oscilloscope with a P31 phosphor. They were vertically oriented sine-wave gratings (mean luminance 10.8 cd/m 2 ) with a SF of either 0.5 or 8 c/deg as in Experiment 1. The phase of the gratings was set randomly on every trial. They subtended 9°, as viewed from 57 cm. Viewing distance was maintained through the use of a chin and forehead rest. A translucent annulus and a black mask surrounded the central grating position.
Procedure
Each session began with dark adaptation. Estimates of observers' contrast thresholds to the 0.5 and 8 c/deg gratings were obtained using one of two methods. The first was to calculate the average threshold setting from an ascending and a descending method of adjustment series. The second was to calculate the average of the last 10 turnarounds (out of 15) from a transformed 1-up 2-down (Levitt, 1970) temporal 2AFC procedure, which converged on an estimate of threshold at 70.7% correct. In both procedures stimuli were presented for 100 ms, signalled by a co-occurring Ôbeep'. In the 2AFC procedure stimuli were separated by 500 ms interstimulus intervals (ISI).
On test session trials the contrast of the gratings was set to one of five levels. These were the estimated threshold (defined as the sensation level (SL) following the term of H€ u ubner, 1996b), ±0.75 dB SL and ±1.5 dB SL (note step size in dB, for luminance contrast, is given by 10 log 10 C1=C2 where C1 and C2 are stimulus contrasts). For observer EO on test sessions 11-20 reduced contrasts were used ()2.25 dB SL, )1.5 dB SL, )0.75 dB SL and 0.75 dB SL) as it became clear that the initial estimates of contrast threshold were high for this observer. In all test sessions there were equal numbers of trials at each contrast.
Test session trials were temporal 2AFC's with a grating presented in only one of the two intervals. Presentation intervals lasted 100 ms (signalled by a cooccurring beep) and were separated by a 500 ms ISI. The observer's task was always to report in which of the two presentation intervals they detected a grating.
On the certainty trials, observers completed two blocks of 100 trials each session (20 trials per contrast level for each SF). All the gratings presented in a block had the same SF, either 0.5 or 8 c/deg. The order of testing the two frequencies was counterbalanced across sessions and observers. Prior to each block the stimulus that would be presented on all trials in the forthcoming block was shown. Thus, on each trial the observer knew exactly which grating would be presented and so was able to prepare to detect that particular stimulus.
On the uncertainty trials, observers completed 200 trials each session (20 trials per contrast level for each SF) with the two SF's randomly intermixed. Thus, from trial to trial the observer had no way of knowing which grating would be presented, and so was unable to prepare to detect any one particular stimulus.
The cueing trials were identical to the uncertainty trials except that prior to each trial the observer heard an auditory cue to signal the probable SF of the next grating. The cues were identical to those used in Experiment 1, and the cue-grating pairings were counterbalanced across observers. Observers were played three examples of their respective cue-grating pairings at the start of each cueing block. The proportion of valid cues was set at 95% (i.e. 190 of the 200 trials each session; 19 per contrast level for each SF). We expected that such a low proportion of invalid cues (5%; 1 per contrast level for each SF on each session) would encourage the observers to focus attention closely on the cued frequency band on each trial. Observer PTS knew the exact ratio of valid to invalid cue trials, whilst observers EO and AW were told that the cues would be valid ''most, but not all, of the time''. In addition, completing the uncertainty condition immediately before the cueing condition every session served to emphasise the cues' usefulness, relative to the uncued uncertainty condition, and thus encouraged observers to fully attend to them.
The large number of sessions per observer was required to obtain sufficient observations at each contrast level to provide a reliable indication of performance on the invalid cue trials.
Results
The data were analysed using analysis of variance (SF (2)--0.5, 8 c/deg; trial type (4)--certainty, valid cue, uncertainty, invalid cue; contrast (5)--the five contrast levels) with repeated measures on all factors. None of the interactions or the main effect involving SF were significant. Consequently, for simplicity we present the data, averaged across SF, for individual observers and averaged across observers in Fig. 2 .
There was a main effect of contrast (F 4;8 ¼ 18:61, p < 0:0005) indicating that, as expected, performance was worse at lower contrasts. Further, there was a main effect of trial type (F 3;6 ¼ 87:46, p < 0:00005). Post hoc testing, using Scheffe's test, found no significant difference in detection performance between certainty and valid cue trials (p ¼ 0:733) confirming previous findings that cueing can serve to eliminate the effect of uncertainty (Davis et al., 1983; H€ u ubner, 1996a , 1996b . Also confirming previous work (Davis, 1981; Davis & Graham, 1981; Davis et al., 1983; H€ u ubner, 1996a , 1996b , performance on uncertainty trials was significantly worse than on certainty trials (p < 0:05) and valid cue trials (p < 0:01). Of primary interest here, performance on invalid cue trials was worse than on certainty trials (p < 0:0001), valid cue trials (p < 0:00005) and, importantly, uncertainty trials (p < 0:0001). This is our predicted expectancy effect. Observers' grating detection is worse when presented with a grating at an unexpected SF compared with when they expect to be presented with the very same grating.
The individual observer data generally support the pattern seen in the averages. Performance on invalid cueing trials is rather more erratic than on other trial types as might be expected given the relatively small number of invalid cue trials (for PTS and AW 20 per data point with double this for EO) compared with the other trial types (for PTS and AW 400 per data point on certainty and uncertainty trials and 380 per data point on invalid cue trials, with double these numbers for EO). Nevertheless performance on invalid cue trials is clearly worse than on other trial types.
Invalid cue trials were presented in the final condition of each session and so it might be argued that fatigue accounts for the reduction in performance on these trials. However, valid cue trials were also presented in the final condition each session, and performance on these was equivalent to performance in the certainty condition, which was run first each session, thus arguing against this explanation.
Discussion
We found strong evidence that attentional modulation of SF processing can lead to costs as well as bene-fits. On valid cue trials observers' performance was similar to that observed under certainty conditions. However, on invalid cue trials a performance decrement even greater than that seen under conditions of uncertainty was observed. Previous work has shown that iconic cues, which influence SF processing bottom-up, can lead to a reduction in detection performance when those cues are invalid (H€ u ubner, 1996a) . Here, our findings clearly demonstrate that symbolic cues, which influence SF processing top-down, can lead to a similar pattern of costs when cues are invalid. Whilst models of uncertainty effects indicate that observers' attend to multiple SF bands (cf. H€ u ubner, 1996b) , the costs observed here suggest that symbolic cueing acts to narrow attention to a more restricted band of SF's that observers expect to carry task relevant information (see also H€ u ubner, 1996b) . Consequently, when cues are invalid performance is even worse than under conditions of uncertainty. If symbolic cueing restricts attention to a particular SF bandwidth then we should expect to find a pattern of SF tuning for expectancy effects. We explore this idea in Experiment 3.
Experiment 3
Our data from Experiment 1 have already indicated that when two plaid components differed in SF by just 0.5 octaves then no effect of expectancy was observed whilst with a 4-octave separation a clear expectancy effect was seen. These findings are consistent with the idea that cueing acts to direct attention to a particular SF band and starts to hint at channel tuning. Here we systematically explore this tuning. We measured observers' contrast sensitivity to a range of SF's when presented in single frequency blocks. Then, in a series of sessions, observers were cued for gratings at one of two primary SF's (separated by 4 octaves to avoid channel overlap) on each trial. On invalid cueing trials, we presented them with unexpected test SF's at various distances from the cued primary SF. If symbolic cueing enables observers to attend a single channel (or restricted subset) then we should observe, on invalid cueing trials, a reduction in contrast sensitivity, relative to blocked presentation conditions, that increases in size as the distance between the presented test and the cued primary frequency increases: a tuning function. By comparing the shape and width of such functions with those found at different stages of the visual processing stream we can provide an indication of the locus of SF expectancy effects.
Method
Observers
Five experienced psychophysical observers took part. Three of the observers (AW, JD, MS) were na€ ı ıve as to the purpose of the experiment; the remaining observers were two of the authors (EO, PTS). All of the observers had normal or corrected to normal vision.
Stimuli and apparatus
The apparatus used was the same as that in Experiment 1. Stimuli were vertically oriented sinusoidal gratings, with phase set randomly on every trial. There were two primary spatial frequencies separated by 4 octaves. These were 0.5 (LSF) and 8 (HSF) c/deg, as viewed from a distance of 161 cm. The remaining test SF's were 0.25, 0.5, 1, and 2 octaves above and below each primary resulting in 8 test SF's per primary. The absolute SF's in c/deg of the test SF's for each primary can be seen in Table 1 . Note that the test SF 2 octaves above the LSF primary is identical to that 2 octaves below the HSF primary (i.e. 2 c/deg). This meant that there were in total 17 different SF's used in this experiment.
Procedure
All experimental sessions were carried out in a darkened lab. In the first session (Baseline 1), after dark adaptation, observers' contrast thresholds for the 17 different SF's used were estimated in separate blocks using a temporal 2AFC ZEST procedure (as in Experiment 1). At the beginning of each block, they were shown an example grating at one of the 17 SF's (chosen at random), after which they completed three randomly interleaved independent ZEST runs, of 32 trials each, with that SF. The average of the three runs for each frequency was taken to be an observer's initial baseline contrast threshold for that frequency. The observer pressed a key to initiate each trial. On each trial, a grating was shown in one of two 125 ms intervals signalled by a co-occurring beep, and the observer had to indicate which interval using the keyboard. The intervals were separated by 500 ms.
In sessions 2-9 (intermixed cueing), the main experiment was carried out. The main task was the same temporal 2AFC task used in the baseline session. Again the observer pressed a key to initiate each trial. However, here each trial started with a 500 ms pause, followed by a sound cue, and then another 1000 ms pause, followed by the two 125 ms stimulus intervals each accompanied by a beep, and separated by a 500 ms ISI. As in Experiment 1 the LSF or the HSF primaries were signalled by the bass and snare drum sounds respectively (except for observer PTS for whom the reverse was true). However, 25% of the time instead of the primary itself, they were presented with one of the 8 test SF's (chosen at random) around that primary. In each session, following dark adaptation, observers completed 768 trials: 384 LSF cue, 384 HSF cue. Of the 384 trials for each cue type, 288 (75%) were valid cue trials, where the cued primary was shown. The remaining 96 trials (25%) were equally divided between the 8 test SF's associated with the cued primary, resulting in 12 trials per test frequency. In these sessions, observers' contrast thresholds for the two primary and 16 test SF's were estimated on every trial using ZEST. In order to uphold the independence assumption of ZEST, three independent runs of ZEST were randomly interleaved for each SF, resulting in 54 (3 ZESTs by 18 SF's) runs. This meant that in each session there were 96 (288/3) trials per ZEST run for each primary and 4 (12/3) trials per ZEST run for each secondary SF. In the first of the eight sessions of the main experiment, each of the 54 ZEST runs started with a new probability density function. Initial threshold estimates supplied to each ZEST function were dervied from those measured at Baseline 1. From session 2 onwards, the functions were carried on from the previous day. Thus, at the end of eight sessions, contrast threshold under the cueing conditions could be computed by averaging the three runs of 768 (96 trials per primary frequency per session times 8 sessions) trials each for a primary, and the three runs of 32 trials (4 trials per test frequency per session times 8 sessions) each for every test SF. This yielded estimates of threshold under the cueing conditions for 18 SF's. Note that the 2 c/deg secondary SF, could be presented with either the LSF (2 octaves above) or HSF (2 octaves below) cue, yielding two different estimates of threshold. Observers AW, MS, and JD were instructed that the cue would be accurate most but not all of the time, whilst Note that 2 c/deg is a secondary for both primary spatial frequencies.
observers EO and PTS knew the exact number of trials in each condition. On the final and 10th session of the experiment (Baseline 2) the measurements of contrast threshold made for each SF on Baseline 1 were repeated. This provided us with a second estimate of threshold for each SF when presented under blocked conditions. The order of testing was kept constant between the two baseline sessions for each observer.
Results
For each SF, baseline contrast sensitivity was computed as the reciprocal of the appropriate baseline threshold estimate. Similarly, for each SF, contrast sensitivity during intermixed cueing sessions was computed as the reciprocal of the appropriate threshold estimate at the end of session 9. The difference between the log of the baseline and the log of the cueing sessions' value (DLog-CS) for each SF provides a measure of the effect of cueing on the detection of contrast at each SF. Thus, a positive value indicates that contrast sensitivity during cueing sessions was higher than during baseline sessions for a particular SF. Fig. 3a -f 0 shows DLog-CS plotted against SF averaged over observers and for each observer separately. It can be seen that there is tendency for contrast sensitivity on intermixed cueing sessions to be higher than during baseline sessions.
2 However, the averaged data plotted in Fig. 3a and a 0 shows that superimposed on the pattern of general improvement there is marked variation in the size of the difference between cueing and baseline sessions across SF's.
Specifically, it can be seen that at the two primary SF's (shown by the triangular markers) performance tends to peak; i.e. Log-CS on cueing sessions is higher than on the average of the baseline sessions. As the difference in SF between the primary SF's and their respective test SF's increases so performance tends to decline; i.e. a pattern of tuning is apparent such that at more distant test SF's Log-CS on cueing sessions is lower than on the average of the baseline sessions. Further, for both the LSF and the HSF primary there is a relatively large decrement in performance on cueing sessions at test SF's a little higher than the primary (between 0.25 and 0.5 octaves higher) followed by a recovery at test SF's 1 octave higher and then a further decrement in performance at test SF's 2 octaves higher. A similar pattern can be seen at both lower and higher SF's than the primaries in some of the individual data (e.g. see observers AW and JD) but this is less consistent across observers. Overall, whilst somewhat noisier the individual data show the same trends for tuning that are apparent in the averaged data (i.e. most individual data show a tendency to peak in the middle, usually around the primary, and then drop off with increasing SF).
To confirm the statistical significance of the variation in the effect of cueing across SF a two way ANOVA (primary SF (2)--0.5, 8 c/deg; test SF (9)--0, ±0.25, ±0.5, ±1 and ±2 octaves around each primary SF) with repeated measures on both factors was run. There was a main effect of test SF (F 8;32 ¼ 5:06, p < 0:0005). This indicates as described above that the effect of cueing varies as a function of the difference in SF between the cued primary and the presented test SF. There were no other significant effects.
In order to derive bandwidth estimates that would better characterise the extent of the tuning around the LSF and HSF primaries we fitted Gaussian functions to the averaged data. These fits are shown in Fig. 3a and a 0 . The Gaussian provided a reasonable fit to the LSF data explaining 85% of the variance. The main significant deviation from the fit is the dip in performance 0.5 octaves above the LSF primary, and subsequent recovery, described above. The fit to the HSF data by comparison is poorer explaining 63% of the variance and it is clear that a more complex function, less suited to the bandwidth estimates made below, would be required to fit these data. As for the LSF primary, there is a significant deviation from the fit just above the HSF primary. For the LSF data we can make a reasonable estimate of tuning bandwidth. Examining the individual data there is some indication that performance may be stabilising at the test SF's further away from the LSF primary. Thus, we can use performance at these frequencies to provide a baseline from which we can estimate the height of the function. From this we calculated the full bandwidth at half height to be 1.7 octaves, which is quite close to estimates of SF channel tuning at early, cortical, stages of visual analysis that typically find single channel bandwidth to be approximately 1.4 octaves (cf. De Valois & De Valois, 1988, pp. 204-205) . This suggests that 2 On average, contrast sensitivity during cueing mixed sessions was 0.04 log units higher than during baseline sessions. However, estimates of contrast sensitivity for each SF during cueing sessions are derived from the values of the ZEST functions at the end of session 9 whilst those for baseline sessions are derived from the average of the ZEST functions on session 1 (Baseline 1) and session 10. Thus, if there has been any general improvement in task performance or in contrast sensitivity (cf. De Valois, 1977; Sowden, Rose, & Davies, 2002) this will have been adapted to by the ZEST procedure during the cueing sessions and will be reflected in the final threshold estimates. Similarly, baseline estimates made on session 10 presumably will reflect any learning that has occurred, but those made on session 1 will not. Consequently, we might expect that estimates of baseline contrast sensitivity averaged over these two sessions will be lower because they incorporate the estimates from session 1 made prior to any learning occurring. In agreement with this suggestion, when baseline contrast sensitivity estimates are based on just those from session 10 then sensitivity during cueing mixed sessions is only marginally higher: 0.007 log units averaged over SF's. However, we retain the session 1 data because the baseline contrast sensitivity estimate is then calculated from six ZEST runs per SF, which should provide the most reliable estimates of the relative sensitivity at each frequency.
for the LSF primary cueing may direct attention to a single channel centred on the primary SF. For the HSF data it is more difficult to estimate the height of the function since at the furthest SF's from the primary tested the individual data suggest performance is still declining. However, if we take performance at 2 octaves above the primary as the baseline (i.e. where performance is worst in the current data) then the full bandwidth at half amplitude is 2.73 octaves, which is already greater than typical estimates for a single channel at early, cortical, stages of visual analysis. Testing at SF's further from the HSF primary could well yield even greater performance decrements and a consequent increase in this bandwidth estimate.
One further feature worth noting in the data displayed in Fig. 3 is that for a number of observers the peak of one of their tuning functions does not coincide exactly with the cued primary. This displacement may arise because in order to use the symbolic cues, in the present task, the observer first has to form a representation of the appearance of the LSF and HSF grating in long-term memory and then recall the appropriate representation for the cued grating in order to select the channel/s to monitor. An error in either the formation of the initial representation or its recall could then lead to the observed displacement.
Discussion
When observers were cued to expect a particular primary SF but presented with an unexpected test SF, then the greater the difference in SF between the cued primary SF and the presented test SF the greater the reduction in their detection performance relative to detection of a grating with the same SF under blocked presentation conditions (i.e. baseline sessions). Whilst the overall width of the tuning function around the LSF primary approximated that typically observed for early, cortical, SF channels (cf. De Valois & De Valois, 1988 ) the tuning around the HSF primary was broader suggesting that observers were not able to attend to a single SF channel in the latter case. An alternative explanation is that the overall relatively broadly tuned function observed may represent the envelope of two adjacent channels and that the sharp decrement in contrast sensitivity at SF's adjacent to the primary is consistent with a sharpening in the tuning of the SF channel that processes the expected primary (e.g. distractor exclusion; cf. Lu & Dosher, 1998) and/or inhibition of the adjacent channel (e.g. see Lee et al., 1999) .
The finding that expectancy effects are SF tuned is in agreement with the suggestion that the symbolic cues used here enabled observers to modulate the processing of SF channels top-down at a relatively early, SF tuned, stage of the visual processing pathway.
General discussion
The present findings may go some way to explaining the effects of categorisation task on spatial scale processing in scene and face perception. The ability to make rapid and effective categorisations is potentially important for survival, providing a powerful motivation for learning as a function of the categorisation experience routinely acquired during everyday life. Consistent with this, recent work has found evidence that experienced observers have enhanced perceptual skill when detecting and recognising features required for categorisation in complex images (cf. Sowden, Davies, & Roling, 2000) and that observers learn to attend those aspects of a stimulus that are diagnostic for categorisation. Of particular relevance to the present experiments, Schyns, Bonnar, and Gosselin (2002) have shown that the SF bands to which observers attend in a given stimulus is a function of categorisation task. Here, Experiment 1 used plaid stimuli to draw an analogy to the hybrid face and scene stimuli used in previous work (Oliva & Schyns, 1997; Schyns & Oliva, 1999) . We found that symbolic auditory cues influenced observers' perception of plaid stimuli such that they reported the orientation of just the cued component of the plaid when the two components were sufficiently separated in SF to be processed by independent channels. A post-cueing condition argued against the possibility that this observation resulted from a simple reporting bias. Thus, we call this selective perception an expectancy effect: the observer reports the orientation of the expected component whilst seemingly unaware of the unexpected component.
3 This effect parallels that found with hybrid stimuli where observers' prior experience with the required categorisation task sets their expectations and determines the attended SF band(s). The fact that equivalent findings are observed with these very different stimuli is consistent with the possibility that they result from the same process. The remaining experiments further explored the idea that expectations can act top-down to set attention to specific SF channels.
Experiment 2 compared the effect of expectancy induced by symbolic cueing with the effect of SF uncertainty. As predicted, detection of gratings in intermixed blocks (uncertainty) was poorer than detection of the same gratings presented in single frequency blocks. Further, detection of gratings following invalid cues was even poorer than under conditions of uncertainty. This is consistent with the suggestion that cueing acted topdown to switch observers' attention away from the multiple SF bands monitored under uncertainty, towards a particular SF band when cued, such that gratings presented at unexpected SF's were not detected.
Experiment 3 explored the SF tuning of expectancy effects. If symbolic cues were acting to direct attention to specific SF channels at relatively early stages of the visual processing stream then we should predict that the effects would show a pattern of SF tuning. Consistent with this a pattern of SF tuning was observed, which for our LSF primary closely matched many estimates of cortical SF channel bandwidth. However, the broader, but still evident, tuning around the HSF primary suggests that attention to more than one SF channel was also in play in the present tasks.
Thus, overall our data indicate that observers are able to select between SF channels top-down when they are explicitly cued to do so. This finding agrees with previous work on uncertainty effects (Davis & Graham, 1981; Davis et al., 1983; H€ u ubner, 1996a , 1996b and extends this work by showing additional SF tuned effects of expectancy consistent with attentional modulation of cortical SF channels. This finding is in contrast with the findings of Majaj et al. (2002) who found that observers lack control over SF channel selection. As discussed earlier (Section 1.1) it is possible that the use of potentially over-learned stimuli (letters) and the lack of explicit cueing in their tasks may be factors underlying these contrasting findings.
Our findings that expectancy, induced by auditory cueing, can determine attention to SF channels at early stages of processing suggests that categorisation task, which also determines SF expectancy, could similarly influence early stages of visual processing, a possibility that we are now testing more directly.
We would like to thank an anonymous reviewer for suggesting the post-cueing condition reported in Experiment 1.
